Abstract: This paper presents the design of an extremely miniaturized accelerometer based on the tunneling effect. Because of its high sensitivity the tunneling effect allows the detection of smallest deflections. The aim of the novel design is a large geometric miniaturization at the lowest possible natural frequency with a nominal acceleration of +/−1 g corresponding to a deflection of +/−9.36 Å. The poly-silicon (PolySi) sensor structure with a size (L × W) of 98 µm × 85 µm is designed in a way that the main displacement operates just in one direction. To lead the sensor into operational conditions, control a constant distance between the tunneling electrodes and perform self-test actuations two electrodes are placed below the sensor structure. The tunneling tip is deposited by a focused ion beam (FIB) to provide the tunneling section with a third pad on the substrate. Within this paper the focus is on the functional implementation of the structure, the investigation of the electrostatic actuators and the deposition of the tunneling tip by the FIB.
Introduction
The necessity of cost reduction in microsensors leads to a constant reduction of their geometric size. Most accelerometers are based on the capacitive principle and consist of a spring-massdamping-system by deflecting the mass due to an acceleration. The size of these accelerometers amount to several 100 µm × 100 µm. It is known that the deflection of the mass and the sensitivity of a capacitive sensor decrease quadratically with an isometric reduction of the spring-mass-system. Consequently, smaller and smaller capacities have to be detected. Therefore, the principle of capacitive, piezoresistive or piezoelectric detection reaches the limits of miniaturization. Because of its highly increased sensitivity, the quantum tunneling effect allows further miniaturization. This paper picks up this effect and presents a new design of a miniaturized accelerometer based on the tunneling effect. Figure 1 shows the principle of the sensor in a simplified way. The sensor consists of a spring mass system with several electrodes placed on the substrate. The two electrodes highlighted in red are used as electrostatic actuators for pulling down the tunneling tip to the operation point, controlling a constant distance between the tunneling electrodes and self-test actuations. The tunneling current depends exponentially on the distance d and is defined by
with the operational voltage of the tunnel sensor , a constant ∝ = 1.024 −0.5 Å −1 , the effective barrier height Φ, and the distance between the tunneling tips at the position where the tunneling current appears. The reasonable working distance between the tunneling electrodes is about 1 nm. If an acceleration is applied to the system, the mass will be deflected and the tunneling current changes immediately. Due to the fact, that deflections in the range of sub-Angström already cause large changes in the tunneling current, a system of small size and consequently high stiffness can be designed.
Previous works have presented various highly accurate tunneling sensors developed in bulk micromechanics [1] [2] [3] [4] [5] as well as in surface micromachining [6] [7] [8] . For example, S. Patra shows a highaccuracy tunneling accelerometer with low rigidity and large-dimensioned mass to achieve resolutions in micro-g range [8] . C-H Liu [2] and T. Strobelt [5] show tunneling sensors in bulk micromechanics with resolutions in a range of micro-g down to 20 ng/√Hz.
The aim of the present development is, largely independent of the resolution, the miniaturization up to the physical limits with a nominal acceleration of +/−1 g. The sensor structure is manufactured in surface micromachining by MEMSCAP Inc. (Durham, NC, USA). The platinum (Pt) tunneling electrode will be deposited subsequently to the sensor structure by a focused ion beam. The work of J. H. Daniel [9] presents a concept in which the tunneling section is created by separating a beam subsequently on a surface micromachining structure with a FIB.
Sensor Structure
The structure shown in Figure 2 resembles a helix shape and is designed in a way that the main displacement operates just in one direction. The model is the result of analytical and numerical calculations for high miniaturization with low first natural frequency for easy controllability that fulfils the design rules for manufacturing using PolyMUMPs process at MEMSCAP Inc. (4) is used as a self-test actuator and (5) shows the actuator for the operating point and the control actuator. (6) points at the tunneling electrode (Pt) deposited to the sensor structure by a focused ion beam and (7) is the counter electrode of the tunneling tip. The force caused by the acting acceleration of 1 g results in a deflection of 9.36 Å. The first natural frequency of the structure amounts to 19 kHz.
Electrostatic Actuators
The electrostatic actuator is divided up into a stationary and a dynamic part. Figure 3a shows the positioning of the operation point actuator (5) which leads the sensor into operational conditions and keeps the voltage constant in the stationary mode. The electrostatic force
is exerted by the electrostatic actuator with the dielectric constant 0 = 8.85 − 12 / , permittivity of air = 1, area of the capacitor , actuator voltage E and distance of the plates . The area marked in grey shows the required deflection of the actuator in a range of between 40 and 80 nm or 9 and 12.5 V, depending on the starting distance of the tunneling electrodes due to the manufacturing tolerances of the FIB. Due to its preload and therefore high dynamics, this actuator is also used as control actuator. In order to compensate disturbances of +/−1 g at an operating voltage of UOP = 11.1 V, a differential voltage of just ΔU = +/−80 mV is required. Figure 3b shows the working range of the selftest actuator (4) for simulating a disturbance by voltage or electrostatic force. The example in Figure 3b illustrates a step of 1.8 V, corresponding to 0.5 g, which causes a deflection of 0.45 nm.
(a) (b) 
Tunneling Tip
The manufacturing of the tunneling tips is performed by a focused ion beam. Ideally a tip of one platinum atom is provided, indeed we reach tips with diameters in a range of between 40 and 80 nm. The length of the tunneling section amounts to approximately 4 µm and runs from the gold layer at the endpoint of the structure to its counter electrode at the substrate, marked by (7) in Figure 2 . After deposition and linking up the structure and the electrode the tunneling section is separated in two parts. Figure 4a shows exemplarily two connected beams deposited by the FIB with a minimum diameter of 65 nm. A cut of about 42 nm performed by the FIB is shown in (b). The resulting values of the cuts and beams are highly dependent on the chosen parameters. To ensure that the positions of the two tips do not shift after separation, low mechanical stress must be guaranteed. 
Conclusion and Summary
A further miniaturization of accelerometers requires a more sensitive principle than the capacitive, piezoresitive or piezoelectric effect. The tunneling effect enables the novel design of a miniaturized accelerometer presented in this paper with a small size of 98 × 85 µm 2 . At an acting acceleration of 1 g the deflection of the tunneling tip is at 9.36 Å. Two electrostatic actuators are implemented for controlling the deflection of the sensor structure. The main actuator pulls down the sensor structure until a tunneling current is measured and additionally acts as the control actuator after that due to its preload and high dynamics. The second actuator is used for simulating disturbances by providing an electrostatic force. The testing of the focused ion beam shows adequate results in deposition and patterning to realize the tunneling section.
